The aim of the study was to investigate the feasibility of using irreversible electroporation (EP) as a microbial cell disruption technique to extract intracellular lipid within short time and in an eco-friendly manner. An EP circuit was designed and fabricated to obtain 4 kV with frequency of 100 Hz of square waves. The yeast cells of Lipomyces starkeyi (L. starkeyi) were treated by EP for 2-10 min where the distance between electrodes was maintained at 2, 4, and 6 cm. Colony forming units (CFU) were counted to observe the cell viability under the high voltage electric field. The forces of the pulsing electric field caused significant damage to the cell wall of L. starkeyi and the disruption of microbial cells was visualized by field emission scanning electron microscopic (FESEM) image. After breaking the cell wall, lipid was extracted and measured to assess the efficiency of EP over other techniques. The extent of cell inactivation was up to 95% when the electrodes were placed at the distance of 2 cm, which provided high treatment intensity (36.7 kWh m 23 ). At this condition, maximum lipid (63 mg g 21 ) was extracted when the biomass was treated for 10 min. During the comparison, EP could extract 31.88% lipid while the amount was 11.89% for ultrasonic and 16.8% for Fenton's reagent. The results recommend that the EP is a promising technique for lowering the time and solvent usage for lipid extraction from microbial biomass.
Introduction
Global warming associated with carbon dioxide emission from the usage of traditional fossil fuels is a great concern in the present century. 1, 2 Therefore, the demand of sustainable and carbon-neutral energy is increasing tremendously, 3, 4 since it is less harmful to the environment. 5 Recent studies have been focused on the conversion of bio-based feedstocks to produce biofuels because of their abundance and availability. Several traditional feedstocks (i.e., plant oils, animal fat, cooking oils) have been reported as a source of lipid or triglyceride for biodiesel production. However, these sources have high food value and require long cultivation time as well as their growth is firmly dependent on the climate. Therefore, oleaginous microorganisms are considered as a potential alternative compared with traditional triglyceride feedstocks, 6, 7 due to their high biomass and lipid production rate and minimal competition with the food supply for human society. 1, 6, 8 Among the microbial community, yeasts have advantages over other oleaginous microorganisms such as faster growth rate and ease of cultivation at large scale. 9, 10 Like other microorganisms, yeasts are surrounded by rigid cell walls that have to be disrupted in order to obtain the valuable cell content. 11 Generally, the yeast cell wall is composed by thick and rigid layer of complex carbohydrates and glycoproteins with high mechanical strength and chemical resistance. 12 In consequence, the cell wall disruption is the most challenging part of lipid extraction process from yeast cells, since lipids are located inside the cell. 13 Numerous disruption methods including physical, chemical and enzymatic have been developed to achieve selective release of biomolecules. [14] [15] [16] The nonmechanical methods are often limited to small scale and usually result in less intracellular product release and low process efficiency. 13, 17, 18 Additionally, the practice of using chemicals and enzymes can lead to greater complexity in minimizing environmental impact. 13 Consequently, those have found limited commercial application to date. 18 Mechanical methods such as high-pressure homogenization, 19 ultrasonication, 20 osmotic shocks and bead-beating 8 are most widely used to achieve microbial cell disruption for intracellular product release. 16 Though, these methods are popular, they are associated with high energy input, 18 high heat generation, 21 and time consumption. 13 Moreover, some of these methods can destroy the biomolecules of interest (denaturation of proteins). 13, 21 Recently, a cell disruption approach called electroporation (EP) is proposed to extract lipid from microbial biomass for the direct transesterification process to produce biodiesel. 22 In this technique, the high electric pulses of direct current (DC) are applied to living cells and tissues for a short duration of time to permeabilize the cell membrane for transfection or transformation. 23, 24 These pulses are delivered to a pair of electrodes by a pulse generator. 25 Basically, a membrane potential is induced by an externally applied electric field. 26 The pulse can be either a square-wave pulse, usually within a duration of microsecond range, 27, 28 or it can be an exponentially decaying capacitive discharge pulse with a duration in the millisecond range. 29 Generally, the specific application of reversible EP has involved the introduction of both DNA and RNA to the variety of plant, animal, bacteria and yeast cells. 26, 29 Other major applications are injections of drugs, proteins, metabolites, molecular probes and antibodies for studies of cellular structure and function. 29 However, irreversible EP can damage the cell wall thus permeabilizing the cells after being subjected to high voltage pulses with sufficient strength and time of treatment. 30 The aim of the present study is to design and fabricate a lab scale electroporation device in order to evaluate the potentiality of EP technique on yeast cell (Lipomyces starkeyi) wall disruption and lipid extraction. The cell wall disruption was confirmed by visualizing field emission scanning electron microscopy (FESEM) image. Moreover, a promising cell disruption technique EP was applied to disrupt the yeast cell wall. The efficiency of EP was evaluated by calculating cell inactivation rates and measuring extracted lipid from wet biomass of L. starkeyi. Furthermore, the performance of lipid extraction by EP technique was compared with other methods to validate its applicability.
Materials and Methods

EP circuit design and development
The Arduino programming language (based on Wiring) was written on the Arduino Software (IDE) to control the circuit. The Ardunio UNO microcontroller circuit is shown in Figure 1a . Pulse-width modulation (PWM) processing was used to control the pulses provided by the generator, which produced high voltage (4 kV) with 2-5 A current depending on the load. The power supply of this circuit was 4 to 7 V. A lithium battery of 6 V with 12 Ah capacity was used to ensure a high performance for the circuit. Transistor 2N222 was used to transfer PWM signal from Arduino to the circuit, which reduced the noise that might disturb the main circuit. The 470 X resistor was loaded to decrease the voltage and limit current before it entered the base of transistor as well as to protect the transistor. However, the Arduino circuit controlled the range of frequency from 0 to 100 Hz with the increment of 10 Hz. The frequency was measured by time domain of Arduino using the formula, f 5 1/T. The designed circuit was used for controlling the frequency to get square wave output. The high voltage pulses were calculated as 0.05 ms until 10 ms with 4 kV. The voltage and total current were monitored by using an oscilloscope. The single pole double throw relay was used to act as a control switch in the controller circuit for connecting and disconnecting the pulses. The whole set-up including the reactor and pulse generator is presented in Figure 1b . 
EP reactor fabrication
Three EP treatment devices (R 1 , R 2 , and R 3 ) were designed and fabricated using plexiglass which had dimension of 5 cm 3 7.5 cm 3 5 cm, 5 cm 3 5 cm 3 5 cm and 5 cm 3 2.5 cm 3 5 cm, respectively. The total working volume of R 1 was 30 mL whereas that of R 2 and R 3 were 20 and 10 mL, respectively. Two circular stainless-steel plates with a surface area of p (1.8) 2 5 10.17 cm 2 were used as electrode in all devices. The distances between electrodes were fixed at 6, 4, and 2 cm for R 1 , R 2 , and R 3 , respectively.
Cell culture and biomass collection
The oleaginous yeast strain L. starkeyi (ATCC 56304) was collected from the laboratory of Biochemical Engineering, University of Naples Federico II, Italy. The strain was cultured in YPD agar (m/v: 1% yeast extract, 2% peptone, 2% dextrose/glucose, 2% agar) slants to maintain a stock culture. The subculture was done on petri plates in order to grow new cells. The primary inoculum was prepared by dissolving 10 loops of microbes from the subcultured petri plate in 10 mL of sterilized water. The 150 mL of synthetic medium was taken in 500 mL Erlenmeyer flasks and sterilized at 1218C for 20 min. The medium was prepared by dissolving 1.0 g KH 2 PO 4 , 0.5 g MgSO 4 .7H 2 O, 2.0 g (NH 4 ) 2 SO 4 , 0.5 g Yeast Extract, 2.0 g Peptone, and 70.0 g of Glucose in 1L DI water. 31 Thereafter, the medium was inoculated with 1 mL of primary inoculum and incubated at 258C for 4 days with a rotation speed of 150 rpm. The biomass was separated using centrifugation technique (at 10,000 rpm for 10 min). The weight of collected biomass was measured by analytical balance. In case of dry biomass, the wet biomass was oven dried at 408C until getting constant weight.
EP treatment
The 1.2 g of wet biomass was mixed with 60 mL of sterile water. The 30, 20, and 10 mL of mixtures were taken in the EP reactor R 1 , R 2 and R 3, respectively. The cell concentrations were adjusted by measuring the optical density at 600 nm (Shimadzu model UV-160A) for each reactor to maintain equal concentration of cell at initial. The initial cell concentration was 0.9 3 10 5 CFU mL 21 . Sample conductivity was 5.5 3 10 26 S m 21 and the initial temperature was maintained at (27 6 28C). The high voltage (4 kV), with the frequency of 100 Hz was employed to the reactor. All experiments were triplicated to confirm the observation of each treatment.
Experimental conditions
The EP device was operated through a range of controllable operating variables (voltage, frequency, distance between electrodes, treatment time etc.) to understand the factors that increase the amount of cell inactivation. To integrate all of these variables, treatment intensity (TI) 32 was calculated using the following equation (Eq. 1):
Where TI is the treatment intensity in kWh m 23 , V is the applied voltage in kgm 2 C 21 s 22 , D is the pulse width in s/ pulse, f is the pulse frequency in pulse/s, r is the sample conductivity in S m
, L is the distance between electrodes in m, HRT is the hydraulic residence time in the treatment chamber in s, and K is a constant for unit conversion, 2.778 3 10 27 kWh J 21 .
Effect of EP on cell viability
To evaluate the viability of cells under EP treatment and control conditions, spread plate technique was followed. The 20 mL of sample was taken from reactor before and after EP treatment of 2, 4, 6, 8, and 10 min and mixed with 980 mL sterile water. Each sample (20 mL 1 980 mL 5 1 mL) was then spread onto the petri-plates (YPD agar media) and incubated at 258C for 48 h. After that, the colony forming units (CFU) were counted to calculate cell inactivation rate.
FESEM analysis
The disruption of yeast cells was observed using FESEM (JEOL JSM-7800F, Japan). The samples were collected from EP reactors before and after treatment and taken over selective slides. The samples were then dried with a critical-point dryer and coated with platinum (using an ion-sputter) to a thickness of 10 nm. Finally, the cell wall breakup was visualized in FESEM image.
Lipid extraction and quantification
To extract microbial lipid, the treated biomass with water was collected in a falcon tube at the end of the electroporation process and followed by mixing with 10 mL solvent (chloroform: methanol 5 2:1). Then the biomass was separated, and lipid-rich supernatant was isolated by centrifugation (at 4000 rpm, 10 min). Thereafter, the biomass was washed two times with 5 mL solvent and vortexed properly followed by centrifugation for 10 min (at 4000 rpm) in order to separate solid residuals (i.e., pieces of broken cells, organelles, etc.) from the supernatant liquid where lipids were transferred. All liquid portions (water 1 solvents) were stored in a tube and after centrifugation; the lower liquid (organic) phase was withdrawn by Pasteur pipette and taken into a watch glass. The liquid was evaporated using an oven drier at 408C until getting a constant weight and calculated the extracted lipid. To compare the lipid extraction performance of EP with other techniques, another batch (1st batch) of EP was conducted for 10 min in reactor R 3 . The 50 mg of dry biomass (L. starkeyi) was mixed with 10 mL of sterile water and EP treatment was followed as stated before in EP treatment section. In 2nd batch, in absence of EP, the 10 mL of solvent (chloroform: methanol 5 2:1) was added in the same amount (50 mg) of dry biomass and shaken (10 min) for mixing properly. In 3rd batch, Fenton's reagent (500 mL of FeSO 4 and H 2 O 2 1.5:10 solution) was added in the equal amount (50 mg) of dry biomass with same amount (10 mL) and similar standard of methanol and chloroform to disrupt the cell wall. In 4th batch, the chloroform extraction was conducted in the ultrasonic bath at room temperature (27 6 28C), for 10 min, at a frequency of 35 kHz with a power of 240 W. The 10 mL of solvent with same standard, 50 mg of biomass and treatment time for 10 min were maintained for all above-mentioned batches. The lipid extraction and recovery method was followed as described above. Finally, the percent weight of lipids extracted from the dry biomass was obtained as the ratio between the weight of lipid obtained and the original dry weight of yeast biomass which was subjected to the extraction process. All experiments were triplicated to confirm the observation of each treatment.
Lipid characterization
To study the lipid composition, a separate batch was prepared by employing the EP treatment for the direct transesterification process. A solvent containing methanolchloroform at a 2:1 ratio was added to the EP-treated cells at a solvent-biomass ratio of 10:1 (mL:g), to extract and transesterify the lipid simultaneously in the presence of H 2 SO 4 (0.75%) as a catalyst. The reaction was carried out at room temperature (27 6 28C) for 100 h. 33 . To separate fatty acid methyl esters (FAMEs), the 4 mL of n-hexane were added to the sample after completion of transesterification. The mixture was vortexed thoroughly for 30 s and centrifuged to obtain distinct layers. The upper layer containing FAMEs was immediately analyzed using a GC-MS (Agilent Corporation, USA). Helium was used as carrier gas with a flow rate of 1.0 mL min 21 . Inlet temperature was maintained at 2258C. The primary GC oven temperature began from 1008C (held for 1.0 min) and increased by 108C per minute up to 2508C (held there for 5 min). A DB-1 capillary column was adopted in the separation system.
Results and Discussion
Cell inactivation
The effect of EP on cell inactivation is presented in Figure  2 which illustrates that the cell inactivation was gradually increased until 8 min and thereafter no significant changes were observed for all reactors. Initial inactivation rate was very fast for the R 3 , where it achieved 77% inactivation within 2 min. At the same time, R 1 and R 2 inactivated only 10 and 18% cells, respectively. Although, R 1 and R 2 showed almost a constant increasing rate of inactivation, after 10 min they achieved up to 54 and 79% inactivation correspondingly. Whereas, more than 95% cells were inactivated in R 3 within 10 min. The higher cell inactivation in R 3 demonstrates that the high pulse electric field on the cell would have damaged the cell wall of yeast thus enhanced more dead cells in the reactor. Because the high-voltage electrical pulses of short duration (0.01 s) were applied to induce irreversible permeabilization of the cell wall, probably through nanoscale defects in the outer layer, leading to cell wall disruption. 34 Related study also stated that the EP treatment has strong effect on cell viability and changes in cell wall structure, leading to increased wall porosity. 35 Therefore, the higher electric pulses could directly attack the basic building blocks of yeast cell wall (b(1!3)-glucan, b(1!6)-glucan, chitin, and mannoproteins) thus inactivate the yeast cells and enhances the release of intracellular biomolecules.
36,37
Cell disruption visualization
To observe cell wall break-up, yeast cells were visualized by FESEM as presented in Figure 3 . The undisrupted cell in absence of EP treatment is displayed in Figure 3a , while, ruptured cells (red circles) are clearly observed after 10 min of EP treatment as shown in the Figure 3b . The cell wall break-up that was achieved might be due to the higher TI (36.7 kWh m 23 ) of EP. The mechanism of cell disruption during EP treatment was described by Sheng et al., 1 where electroporation created electrical charge on the dielectric cell wall thus caused irreversible breakdown of the microbial cell. Generally, the microbial cells have phospholipids and peptidoglycan which contain polar molecules with ligand groups, giving a net negative charge on the outer surface of the cell 38 that are susceptible to the action of strong electrical fields. 39 Yeast cell wall, with a thickness of 100-200 nm, is an elastic, layered structure that protects the cell from osmotic swelling and physical stress 40 is mainly composed of b (1!3)-D-glucan, b (1!6)-D-glucan, chitin, and mannoprotein(s). 41 The mannoproteins forming the outer wall layer of the yeast cell which determines the permeability of the wall for macromolecules are highly glycosylated, and have numerous phosphate groups in their carbohydrate side chains, confers a net negative charge to the cell surface. 35 The inner layer consists of polysaccharides that mainly include b-1,3-glucan. It is responsible for the mechanical strength of the wall. 40 The pulsed electric field might affect the most external mannoproteins thereby leading to enhanced cell wall disruption. Regarding the numerous deformed cells that were observed in the micrographs, some disturbance could also have occurred in the glucan layer, which is responsible for the morphology and structural integrity of the cells. 42 
Lipid extraction and quantification
The performance of EP to extract lipid from the yeast cells is presented in Figure 4 . Three different distances (2, 4, and 6 cm) between two electrodes were considered with different treatment time (2, 4, 6, 8, and 10 min). The lipid extraction was increased sharply up to 6 min for all electrode distances; however, further increment of time did not show any significant enhancement. The R 1 achieved maximum lipid of 13 mg g 21 after 10 min EP treatment, whereas R 2 obtained 41 mg g
21
, which is around three times higher than R 1 . On the other hand, maximum performance (63 mg g 21 ) was observed in R 3 compared to others (R 1 and R 2 ).
A significant amount of lipids are trapped in the cytoplasm by intact cell walls; hence, the lipid extraction efficiency greatly depends on the extent of cell disruption. 43 As a result, at 2 cm distance the cell disruption was higher and led to a higher amount of lipid extraction. The less distance exhibited more cell disruption as well as lipid extraction because of higher intensity of the electric field (Table 1) . Sheng et al. 1 reported similar observation in their study, where EP treatment intensity was directly correlated with microbial cell wall disruption as well as lipid extraction. They also observed that the severity of damage of cell wall grew by increasing TI and, in turn, lipid recovery was enhanced. In their study, the maximum number of cells were disrupted with a TI value of 35.8 kWh m 23 , which is almost equal to the value used in this study (36.7 kWh m 23 ). Cell disruption by EP treatment at this TI value may produce a less resistant barrier towards the intrusion of organic solvent. As a result, the biomass pellet would be more homogeneously contacted with organic solvent after centrifugation, which could accelerate the rate of lipid extraction. In addition, the rate of extracted lipid was also increased (Figure 4 ) because of the increment of TI value (Table 1) with treatment time for all electrode distances.
Recently, several chemical methods (i.e., Fenton's, chloroform: methanol 5 2:1, Bligh and Drier) have gained attention for lipid extraction due to their lessened energy and time consumption. However, these methods still have some significant limitations. In particular, chemicals must be continuously supplied, and this aspect might greatly affect the economic sustainability of the technology when large scale production systems are considered. Moreover, exhaust disrupting solution should be treated before being disposed as liquid waste. Furthermore, acids and alkalis might corrode the equipment surface and attack the valuable products (i.e. lipids) of the microbial cell, thereby detracting from the effectiveness of the entire process. Therefore, several cell wall disruption techniques such as solvent (methanol: chloroform; 2:1), Fenton's method, ultrasound for lipid extraction were studied to compare the efficiency of EP over those methods.
The amount of extracted lipid that was obtained by using different cell wall disruption techniques is shown in Figure 5 . It clearly shows that the maximum lipid (31.88%, wt%) was extracted for EP treatment whereas minimum amount (9.6%) was obtained for solvent extraction. The lower lipid extraction was achieved might be due to less cell disruption efficiency by solvent extraction technique. Moreover, the lipid content might be reduced in most of the chemical processes because of lipid degradation by further chemical reaction. The ultrasonic and Fenton's techniques achieved 11.89 and 16.8% lipid recovery, which were about 2 and 2.5 times lower than EP.
Generally, the recovery of lipid from the microbial biomass is challenging especially when wet biomass is used for lipid extraction because the high-water content of the biomass can lower the lipid transfer from the microbial cell to the reaction medium. 22 In that case, usually more solvent is required to get higher lipid recovery.
1 Therefore, Fenton's reagent (i.e. a mixture of FeSO 4 and H 2 O 2 ) has gained popularity for obtaining higher lipid recovery with lower solvent . OH) may attack specific zones of the microbial cell wall constituted by organic compounds. Eventually, the cell wall undergoes partial degradation, leading to the release of the intracellular materials, as well as lipids, to the bulk of the solution. Although, this is considered an efficient technique to extract higher lipid by using less solvent as well as less time, the lipids transferred in solution can be quickly oxidized by the hydroxyl radicals because of the high residual concentration of Fenton's reactants present in the solution thereby leading to pronounced lipid degradation. 12, 45 The efficiency of ultrasound and solvent-assisted lipid extraction was analyzed as presented in Figure 5 . Ultrasound (35 kHz) has been applied to yeast to disrupt the cell wall and extract lipid from the cell. The application of ultrasound to yeast in water, also known as sonication, utilizes the process of cavitation to disrupt the cell wall. 46 . The low frequency ultrasound exposes the cell wall of yeast to damaging shear forces that promote the release of intracellular compounds. Generally, high pressure and temperature are required to destroy the cell wall of microorganisms and liberate lipids to the extraction medium. Therefore, in the present study, the lower lipid extraction that was achieved compared to Fenton's and EP techniques might be due to using low temperature (278C 6 28C) and atmospheric pressure (1 atm). 47 The study of lipid extraction from Yarrowia lipolytica yeast by Meullemiestre et al. 48 also supports this statement. Additionally, chloroform and methanol (2:1) were employed for cell disruption because a combination of polar and non-polar solvents could extract more lipids than when individual solvents are used. 49 In this co-solvent system, chloroform and methanol form a comixture solvent that dissolves the lipids. The chloroform dissolves the neutral lipids (triglycerides) while the methanol dissolves the polar membrane lipids. 50 However, it is well known that the solvent extraction alone is less efficient, and as a result, less lipid extraction was observed compared to all other methods.
The lipid extraction performance of several methods is compared in Table 2 with the results from this study. The comparison shows the better performance (31.88%) of the EP technique over others. Although, Meullemiestre et al. 53 achieved quite higher lipid content (26.94%) compare to our study, it can be noted that higher temperature (558C) and pressure (2 bars) were employed in their study. In addition, the process was time intensive and required 30 min to achieve maximum lipid content 53 which is three times higher than the present study. In another report, 52 only 5 min of treatment time was required to extract maximum lipid (11%) using microwave oven from microalgae (Chlorella vulgaris). Though the lipid was extracted within shorter time, the lipid yield was about three times lower than EP. Moreover, the method is less feasible due to high temperature (1008C) and more energy (2450 MHz) consumption.
In terms of environmental impact and energy consumption, the advantages of EP over some other existing technologies is compared in Table 3 . The comparison suggests EP may have less negative-environmental impact. The cell disruption and lipid extraction by some other conventional (Solvent/Ultrasound/Fenton's reagent) methods entail the evaporation of enormous amounts of solvent resulting in high-energy consumption. Moreover, the solvents introduce toxicity, which is objectionable for industrial application. 56 Furthermore, these methods have a high-energy burden associated with either the removal of water or the severe reaction conditions required to process microbial biomass with a high-water content. Therefore, using EP to extract lipid from wet biomass may be a promising and energy-efficient alternative processing route because it is performed at ambient temperatures and does not introduce additional impurities into the process. The process and conditions used also minimize undesirable changes in the target material. 57 
Lipid composition and characterization
To verify whether the EP treatment might have affected the quality of the extracted lipids after disruption, direct transesterification was carried out to analyze the composition of lipid in terms of FAME. The lipid composition profile ( Figure 6 ) reveals that L. starkeyi accumulated mainly longchain fatty acids with 11 to 18 carbon atoms. The predominant fatty acids were palmitic acid (C16:0), stearic acid (C18:0) and oleic acid (C18:1). Lee et al. 52 stated that the palmitic, stearic, oleic, and linolenic acids are the most common fatty acids contained in biodiesel. In their study, oleic acid (C18:1) and linoleic acid (C18:2) were commonly dominant. Louhasakul et al. 58 reported similar fatty acid content when they cultured yeast species Y. lipolytica. They found oleic acid (C18:1) as the most dominant fatty acid followed by linoleic acid (C18:2) and palmitic acid (C16:0). In another study, similar pattern was observed with the fatty acids produced by Mortierella isabellina, where oleic acid (C18:1) was predominant followed by palmitic acid (C16:0). 59 The identical lipid profiles was observed in this study compared with other literatures, which suggest that lipid composition might not be changed or altered after EP treatment.
Conclusion
The results of this study indicate that irreversible electroporation is a potentially viable technique for disrupting the microbial cell wall, which is a rate limiting factor for the lipid extraction step in biodiesel synthesis. Treatment intensity is the main factor that maximizes cell disruptionassociated lipid extraction. The analysis of lipid composition reported in this study suggests that the EP technique does not alter the extracted lipids profile, which is very promising for the direct transesterification of microbial lipid to biodiesel. Further study is required to engineer the EP circuit and placement of electrodes for a large-scale application that may entail flow between the electrodes.
